The microfilament system in the cortex of highly motile cells, such as neutrophils and cells of the eukaryotic microorganism Dictyostelium discoideum, is subject to rapid re-organization, both spontaneously and in response to external signals. In particular, actin polymerization induced by a gradient of chemoattractant leads to local accumulation of filamentous actin and protrusion of a 'leading edge' of the cell in the direction of the gradient. In order to study the dynamics of actin in these processes, actin was tagged at its amino terminus with green fluorescent protein (GFP) and observed with fluorescence microscopy in living cells of D. discoideum.
Background
The goal of the work described in this paper was to study the dynamics of actin assembly and disassembly in highly motile cells, and to correlate re-organization of the actin cytoskeleton with changes in cell shape. In order to visualize actin, we have used cells of Dictyostelium discoideum which permanently produce a fusion protein of actin and the green fluorescent protein (GFP) from Aequorea victoria. GFP has been shown to be an appropriate tag for determining not only the localization of various proteins within living cells, but also the dynamics of their redistribution in response to external signals [1] [2] [3] [4] [5] [6] . In yeast cells, an actin-GFP fusion protein integrates into cortical actin patches that move in an energy-dependent manner [7] .
Undeveloped single cells of D. discoideum are characterized by a continuous protrusion and retraction of pseudopodia from any part of their surface [8, 9] . The chemotactic orientation of aggregating cells is dominated by the chemoattractant-induced polymerization of actin [10] . Cells quickly respond to a change in the direction of a cyclic AMP (cAMP) gradient by retracting existing pseudopodial extensions, and a few seconds later by extending filopodia and lamellipodia in the direction of the new gradient, creating a new cell front. In the course of aggregation, the cells become integrated into streams, where they attach to each other in a head-to-tail arrangement [11] . Cell-to-cell adhesion in the streams suppresses independent cell movement.
We report here on the dynamics of actin redistribution under conditions of unbiased cell motility or chemotactic stimulation, and on the stabilization of actin assembly at the site of head-to-tail adhesion. In living cells, actin occurs in the form of either filaments of polymerized actin (F actin) or monomers (G actin) probably bound to actinsequestering proteins. A few studies have reported that unpolymerized actin also exists in the form of complexes located close to cell regions undergoing dynamic re-organization [12, 13] . Regional differences in the state of actin were investigated in the work described here by combining confocal microscopy of GFP-actin with labeling of actin filaments by cyanine 5-phalloidin (Cy5-phalloidin).
Results

D. discoideum cells producing GFP-actin
The coding region of D. discoideum actin was fused at its 5′ end to the coding sequence of the red-shifted GFP S65T mutant, which contains a serine to threonine substitution at residue 65 [14] . These sequences were linked to each other by an oligonucleotide encoding a five aminoacid peptide, which acts as a short spacer between the amino-terminal GFP and the carboxy-terminal actin moieties (Fig. 1a) . Transcription of the GFP-actin sequence was driven by the actin-15 promoter. D. discoideum AX2 cells were transfected with this construct, and transformants were selected with G418. To quantify the amount of the fusion protein, western blots of total cell lysates were probed with a monoclonal antibody recognizing the carboxy-terminal region of D. discoideum actin. The transfected cells produced an average of 6% GFP-actin fusion protein relative to endogenous actin. The distribution of fluorescence intensities in transfected cells was quite broad, with about 10% of cells having GFP-actin fluorescence intensity three-fold higher than the mean (Fig. 1b) .
D. discoideum cells expressing the GFP-actin gene were only slightly impaired in functions associated with the actin system; they were capable of moving, growing by the uptake of bacteria, aggregating and developing into fruiting bodies. Mitotic cell division was not detectably affected when the cells were cultivated in contact with a plastic surface. A slight impairment of cytokinesis was indicated, however, by an increase in the proportion of binucleate and multinucleate cells during growth in suspension (Fig. 1c) ; this type of growth provides a rigorous test for the capacity of mutant cells to divide normally [15, 16] .
Motility of copolymers of actin and GFP-actin in vitro
In order to test the ability of GFP-actin to polymerize into filaments, GFP-actin was copurified with actin from transfected D. discoideum cells. In the richest fraction, Research Paper Microfilament dynamics monitored using GFP-actin Westphal et al. 177 GFP-actin represented about 70% of the total actin. With a 1:1 mixture of normal D. discoideum actin and GFP-actin, no significant changes in fluorescence intensity were seen during polymerization of G actin. The fluorescence excitation and emission maxima in this fraction, 488 nm and 511 nm, respectively, were consistent with the spectral properties of GFP S65T [14] .
Assays in vitro confirmed that the GFP-actin fusion protein preserved the basic functions of actin, although some quantitative differences were evident. GFP-actin copolymerized with normal actin in physiological salt and depolymerized after dialysis against a low-salt buffer (G buffer). The ratio of GFP-actin to actin in the polymerized fraction was about half the ratio in the unpolymerized fraction; from the western blot shown in Figure 2a , actual GFP-actin to actin ratios of 0.07 and 0.13 were estimated for the supernatant and pellet, respectively.
Single actin filaments, containing 0, 15, 30, 50 or 70% GFP-actin, were capable of binding to heavy meromyosin in the rigor state and were visualized in the in vitro motility assay [17] . Single actin filaments containing 30% or more GFP-actin and stabilized with non-fluorescent phalloidin could be visualized through their own GFP fluorescence (Fig. 2b) . GFP-actin-containing filaments stabilized with phalloidin coupled to tetramethyl rhodamine isothiocyanate (TRITC) showed a strong resonance energy transfer from the GFP moiety to the TRITC group. The sliding velocity for the 0 and 15% GFP-actin-containing filaments visualized using the fluorescence of bound TRITC-phalloidin was within the range 3.2-4.0 m sec -1 , with all filaments moving smoothly. Filaments containing 30% GFP-actin moved with a velocity of 3.0-3.5 m sec -1 . Some of these filaments were seen to stop for a few seconds and then to continue movement, and occasional severing of filaments was observed. Most filaments containing 50% GFP-actin were capable of moving at a velocity of about 3 m sec -1 , although there was an increase in the frequency of pausing and extensive filament severing. Only a small fraction of filaments containing 70% GFP-actin were capable of moving (at 2.0-2.5 m sec -1 ), and this motility was limited to just a few seconds. On the basis of these results, we conclude that actin filaments containing up to 70% GFP-actin are capable of forming a rigor complex with heavy meromyosin, and that GFP-actin molecules in the filament significantly interfere with the activity of the myosin motor only when their content exceeds 30%.
Actin dynamics in freely moving and aggregating cells
In freely moving cells, a bright GFP fluorescence was seen in filopodia and lamellipodia attached to the substratum and in crown-shaped extensions of the upper cell surface ( Fig. 3a-c) . These thin or flat cell projections with a thickness of less than 1 m are known to be packed with actin filaments [18, 19] . The timecourse shown in Figure 3d -k illustrates a brightly labeled cell which rounded up after 20 seconds and then changed its direction by extending a new leading edge. At all stages of this time series, active protrusion of leading edges was associated with elevated local levels of GFP-actin. A control using GFP S65T showed diffuse cytoplasmic labeling without any accumulation at specific sites (data not shown), as previously reported for wild-type GFP [2, 3] .
After the assembly of aggregating cells into streams, actin is concentrated primarily at the front of each cell, at the site of its contact with the preceding cell [20] . The distribution of GFP-actin was in line with these published observations obtained by phalloidin labeling of fixed cells. The time series shown in Figure 3l -q reveals that this localization was stabilized as long as cells were contiguous. Images from this time series show that in the brighter, trailing cell, GFP-actin was concentrated at the site of cell-cell contact. Towards the middle of this sequence, the trailing cell became less polarized and eventually reversed its direction, although during the entire manoeuvre the GFP-actin remained concentrated at the site of cell-cell contact.
Actin reassembly in chemotactic responses
A D. discoideum cell stimulated by cAMP through a micropipette turns towards the source of chemoattractant in one of two ways: either by bending the front of the cell into the direction of the gradient, or by collapse of the pseudopodia at the existing front, followed within seconds by the protrusion of a new front from the cell surface nearest the source [21] . Monitoring of GFP-actin revealed the dynamics of actin assembly and disassembly during a long chemotactic response (Fig. 4) . During their movement in a cAMP gradient, cells alternated between phases of pseudopod extension and more rounded states, and GFP-actin accumulated and dissipated at the front of each cell in phase with the switches.
Overlap between sites of GFP-actin accumulation and phalloidin labeling
In order to see whether the equilibrium between G and F actin in a motile cell is reflected in the distribution of GFP-actin, cells moving on a glass surface were fixed and labeled with Cy5-phalloidin, which marks only F actin. As was seen in living cells, a fraction of the GFP-actin in fixed cells was uniformly distributed in the cytoplasm, but was excluded from the nucleus and other organelles (Fig.  5a,d,g ). This diffuse cytoplasmic GFP-actin is most likely to indicate monomeric GFP-actin. In addition to the diffuse cytoplasmic signal, a bright GFP-actin fluorescence was observed at the cell cortex. In superimposed images of phalloidin and GFP-actin fluorescence, areas of high GFP-actin accumulation coincident with intense phalloidin labeling appear in pseudocolor as yellow/orange (Fig. 5c,f,i) . In general, these areas were the most intensely labeled with phalloidin (Fig. 5b ,e,h), and they obviously represent GFP-actin polymerized into filaments. There were, however, also areas in the cortical regions of the cells that were predominantly green (for example, see Fig. 5i ). The significance of these poorly overlapping regions is discussed below.
Discussion
Actin-based motility with a GFP-actin load
The use of GFP-actin in this study made it possible to monitor the dynamics of actin accumulation and disassembly in living, highly motile cells, and thus to focus on the temporal aspect that is omitted when phalloidin-or antibody-labeled preparations of fixed cells are analyzed. By using cells permanently producing GFP-actin instead of cells microinjected with labeled actin, cell injury is avoided and no recovery period is required. The fluorophore of GFP S65T was chosen because of its high extinction coefficient, resistance to photobleaching, and respectable quantum yield obtained with blue-green excitation [22] . For future applications, the absence of the 396 nm absorption band when using GFP S65T-actin will free a wavelength 'window' for the selective excitation of a blue fluorescent protein fusion, for example a fusion with an actin-binding protein, which may be used to map actin interactions with other proteins dynamically, in live cells, using fluorescenceenergy transfer image microscopy [23, 24] .
The ability of GFP-actin to incorporate into actin filaments was not unexpected; as seen in the model of the actin filament made by Holmes et al. [25] , the amino Research Paper Microfilament dynamics monitored using GFP-actin Westphal et al. 179 terminus of actin is not located at a subunit-subunit interface. More surprising was the finding that actin filaments containing up to 70% GFP-actin were capable of binding to myosin (Fig. 2b) . Structural models reveal that portions of the amino terminus of actin are in contact with myosin heads in the rigor state [26] and presumably also during the actomyosin ATPase cycle [27] . Filaments containing up to 30% GFP-actin exhibited an almost normal sliding velocity and motility behavior in the in vitro motility assay. Filaments containing more than 30% GFP-actin exhibited deficiencies in sliding motion, such as increased pausing and severing. The most likely explanation of our motility data is that, although myosin can bind to GFP-actin molecules in the filament, it can only produce a power stroke when bound to unmodified actin molecules in the filament. According to this explanation, increasing the content of GFP-actin decreases the probability of unmodified actin molecules engaging in a power stroke, forcing myosin to work against a GFP-actin load and resulting in either no net movement or severing of filaments. The growth of cells producing GFP-actin in suspension culture with only marginal impairment of cytokinesis indicates that GFP-actin does not substantially interfere with the actin-myosin interactions in vivo. In contrast, cells in which the function of myosin II is suppressed form giant multinucleated cells in suspension culture, so their cytokinesis must be much more impaired [15, 16] .
We have also tested GFP fused to the carboxyl terminus of actin, but obtained only weak expression with no distinct localization of the fusion protein to specific structures within cells (our unpublished observations). In yeast, a linker of at least 10 amino acids is necessary to prevent GFP fused to the carboxyl terminus of actin from severely affecting cell function [7] .
Rapid assembly and dissipation of actin at leading edges
One of the most attractive applications for GFP-actin is in correlating the assembly and disassembly of actin with changes in shape and behavior of rapidly moving cells (Fig.  3d-k) . This use of GFP-actin can be exploited in D. discoideum, using mutants to establish the interplay between actin-associated proteins in the regulation of cell motility.
Observing GFP-actin during a time series of D. discoideum cells moving in a gradient of chemoattractant reveals details of the stimulus-response coupling which could not be documented by any other currently available method. Differences in fluorescence intensity of GFP-labeled actin in a single cell reflect the fluctuations of receptor-mediated actin assembly near to the site on the cell surface facing the micropipette tip which acts as the source of attractant. A weak response, associated with uncertainties about orientation, is observed in cells positioned far away from the micropipette (Fig. 4) . This response is characterized by the local 'firing' of actin assembly and its frequent interruption by phases of less polarized actin distribution. The switches often occurred during the 20 second interval between image recordings in our time series. These results indicate that processes that control the local assembly of actin are subject to rapid 'on and off' switching during biased movement in a continuous gradient of chemoattractant. Previous findings suggest that actin co-assembles with a number of accessory proteins in response to chemoattractant: the new fronts elicited by chemoattractant are known to be populated within seconds by at least two actin-associated proteins, coronin [2] and talin [28] .
When, during the course of movement of a cell along a gradient, the chemotactic input becomes consistently stronger, the off switches are effectively suppressed. The cell then consistently moves with a stable front pointing towards the micropipette (Fig. 4) . A similar stabilization of local actin assembly is seen at sites of cell-to-cell adhesion (Fig. 3l-q) . It is tempting to speculate that the signals elicited by chemoreceptor stimulation might converge at the same cytoskeletal targets as the transmembrane effects of cell adhesion proteins.
Are actin clusters at the cell cortex always filamentous?
The most straightforward explanation for the enrichment of GFP-actin in the cell cortex is that it polymerizes into filaments that form a network associated with the plasma membrane. Phalloidin is a specific label for F actin. One would expect, therefore, that areas of the cell cortex that are enriched in GFP-actin coincide with phalloidinlabeled regions. Although this is generally true, Figure 5 shows that there are local differences in intensities of the GFP and phalloidin signals. These differences may be due either to phalloidin binding only a fraction of the F actin accumulated at the cell cortex, or to the assembly of G actin, presumably with sequestering proteins, into large, non-filamentous complexes. Evidence for the first possibility comes from the demonstration that phalloidin cannot interact with cofilin-decorated F-actin [29] . Support for the second possibility is provided by the finding that sequestered G actin forms patches in fibroblasts [13] and sea urchin embryos [12] . Candidates for Gactin-binding proteins in D. discoideum, which might store G actin for rapid polymerization, are profilins I and II [30] and CAP [31] .
Materials and methods
Vector construction and cell transformation
A vector for expression of the GFP-actin fusion in cells of D. discoideum under the control of the actin 15 promoter was constructed from the transformation vector pDEX H [32] . The insert contained a continuous reading frame composed of, first, the coding sequence of GFP from A. victoria in which the serine 65 residue was converted to threonine using a PCR strategy; second, a pentapeptide linker, which results from the cloning procedure; and third, the entire coding sequence and 50 base pairs of 3′-flanking sequence, including a polyadenylation signal, of an actin cDNA clone. The cDNA clone was obtained by screening a library from D. discoideum AX3 with the actinspecific antibody 224-236-1 ('236'). The cDNA gives rise to the same translation product as the Dd actin 8 and 15 genes. The entire insert was blunt-end ligated into the HindIII site of the pDEX H vector, and the vector introduced into the genome of D. discoideum AX2 cells using electroporation. Transformants were selected on plates in nutrient medium containing 20 g ml -1 G418. The transformant clone HG1662 was used for all experiments; cells producing free GFP S65T were used as a control.
Cell culture
Cells of D. discoideum AX2, whether wild type or transformants producing either GFP-actin or GFP, were routinely cultivated axenically in 10 ml liquid medium in polystyrene petri dishes (90 mm diameter) at near confluent densities (about 2 × 10 6 cells per ml). For transfected cells, G418 was added to a final concentration of 20 g ml -1 . In order Research Paper Microfilament dynamics monitored using GFP-actin Westphal et al. 181
Figure 5
GFP-actin fluorescence compared to phalloidin labeling. In confocal sections of fixed cells, the fluorescence emission of GFP-actin (a,d,g) and Cy5-labeled phalloidin (b,e,h) were recorded, and the two images were superimposed (c,f,i). Green areas on the superimposed image indicate a predominance of the GFP signal; such areas are detectable in the cortical region (for instance, the surface extension indicated by the arrow) and at sporadic patches within the cytoplasm: most distinct are the two spots in (f). Cy5-labeled phalloidin was used in order to avoid energy transfer from GFP to TRITC-phalloidin.
to count nuclei, cells were cultivated, in parallel, in petri dishes and in suspension culture rotary shaken at 150 r.p.m. The cells were fixed at -20°C in methanol, and the nuclei stained with 4′,6′ diamido-2-phenylindole hydrochloride (DAPI). As constituents of the nutrient medium sensitized the cells to light, for the experiment shown in Figure 4 , cells were cultivated on SM agar plates with Klebsiella aerogenes; cells were then scraped from the fringe of a colony, washed and starved in 17 mM potassium/sodium-phosphate buffer, pH 6.0 ('starvation buffer').
Fluorescence microscopy of living cells and chemotaxis assays
D. discoideum cells round up when exposed to intense irradiation with blue or near-ultraviolet light [33] . In order to minimize light sensitivity of the cells as a result of extrinsic chromophores, such as those derived from pinocytosis of culture medium, it proved preferable to grow the cells on a bacterial lawn. The intensity of the blue-green lines of the mercury arc, selected with a custom-made band-pass filter, was reduced by neutral-density filters to 1% or less of the normal excitation levels used in fluorescence microscopy of fixed-cell preparations. Fluorescence images of cells were recorded with 0.2 sec exposures to excitation light focused close to the substratum. The images were recorded on a cooled charge-coupled device (CCD) camera (1317 × 1034) operating in a binning mode (4 × 4).
To record chemotactic responses, cells cultivated in nutrient medium were incubated in petri dishes for 6 h in starvation buffer, transferred onto a 5 × 5 cm glass coverslip with a plastic ring, and stimulated with a micropipette filled with 0.1 mM cAMP [2] . Confocal images were taken at intervals of 20 sec on an inverted Zeiss LSM 410 microscope with a 40× Neofluar 1.3 oil-immersion objective. For excitation, the 488 nm argon-ion laser line was used, and the emission collected with a 510-525 nm band-pass filter.
Purification of GFP-actin, polymerization, and in vitro motility assay
Cells were harvested from plastic culture plates or shaken suspension cultures and washed once in starvation buffer. The cell pellet was resuspended in four volumes of the following lysis buffer: 10 mM Tris, pH 8.0, 0.5 mM DTT, 30% sucrose, 1 mM PEFA-block, 200 U ml -1 aprotinin, 0.5 g ml -1 bestatin, and antipain, leupeptin and pepstatin A (each at 1 g ml -1 ; Sigma). Cells were lysed using a Parr bomb at 750 p.s.i. for 30 min at 4°C. The lysate was centrifuged in the cold for 30 min at 10 000 g and for 2 h at 100 000 g.
Proteins from the 100 000 g supernatant were precipitated with 60% ammonium sulfate overnight in the cold, pelleted at 30 000 g for 20 min at 4°C, resuspended in 10 ml of G buffer (10 mM Tris, pH 8.0, 0.5 mM sodium ATP, 0.5 mM DTT, 0.2 mM CaCl 2 , 10 mM benzamidine, 200 mg l -1 NaN 3 ), and dialysed against 2 l of the same buffer for 2 days in the cold. The dialysate was clarified at 100 000 g for 1 h at 4°C. Supernatant (5 ml) was loaded onto an FPLC Mono-Q column, and bound proteins separated in 10 mM Tris, pH 8.0, with a 0 to 1 M linear NaCl gradient. The GFP-actin content of the fractions was determined by fluorimetry at 488 nm excitation and 500-520 nm emission. GFP-actin eluted in two fractions between 330 mM and 380 mM NaCl, and was most strongly enriched in the first of these fractions. To further enrich GFP-actin, this fraction was loaded onto a Mono-P column, and bound proteins were eluted in 10 mM Tris, pH 6.8, with a 0 to 1 M linear NaCl gradient. The most strongly enriched of the resulting fractions contained 70-80% GFP-actin.
Actin polymerization was induced by the addition to a final concentration of 100 mM KCl and 2 mM MgCl 2 , and incubation on ice for 16 h, to either the first fraction alone or a pool of the two fractions. Actin filaments were pelleted at 125 000 g for 1 h, and taken up in F buffer (10 mM Tris, pH 8.0, 0.5 mM sodium ATP, 0.2 mM CaCl 2 , 0.5 mM DTT, 200 mg l -1 NaN 3 , 100 mM KCl, 2 mM MgCl 2 ). Motility of actin filaments on a surface of heavy meromyosin was measured using the in vitro motility assay of Kron et al. [17] as adapted by Heidecker et al. [23] .
Fluorescence microscopy of fixed cells and analytical methods
For labeling of actin in cells with phalloidin, cells producing GFP-actin were cultivated in nutrient medium on glass coverslips, fixed with picric acid/formaldehyde and post-fixed in 70% ethanol according to Humbel and Biegelmann [34] . Specimens were labeled for 30 min with 50-200 ng ml -1 of Cy5-phalloidin (courtesy of Heinz Faulstich). Confocal images were taken with a Zeiss LSM 410 microscope using the 488 nm line of an argon-ion laser and a 510-525 nm emission filter for GFP, and the 633 nm line of a helium-neon laser and a 665 nm emission filter for cyanine 5.
To determine the ratio of actin to GFP-actin, proteins separated in 12% SDS-polyacrylamide gels were immunoblotted with [ 125 I]-labeled 236 monoclonal antibody. This antibody was chosen because it bound to an actin fragment comprising amino acids 212-323, far removed from the amino terminus occupied by GFP. The amount of radioactive antibody bound to the 42 kDa and 69 kDa bands was quantified on a Fuji phosphoimager.
